Eight new dinapinones, AB1, AB2, AC1, AC2, AD1, AD2, AE1 and AE2, were isolated from the culture broth of Talaromyces pinophilus FKI-3864. The structures of these dinapinones were elucidated by various NMR experiments. All these dinapinones possessed the same biaryl dihydronaphthopyranone skeleton consisting of a heterodimer with one monapinone A and one different monapinone. Dinapinones AB1 and AB2, consisting of monapinones A and B, were atropisomers. Similarly, dinapinones AC1 and AC2, consisting of monapinones A and C, dinapinones AD1 and AD2, consisting of monapinones A and D, and dinapinones AE1 and AE2, consisting of monapinones A and E, were atropisomers. Dinapinone AB2 showed potent inhibition of triacylglycerol (TG) synthesis in intact mammalian cells with an IC 50 value of 1.17 lM, whereas the other dinapinones showed weak inhibition of TG synthesis. The Journal of Antibiotics (2013) 66, 179-189; doi:10.1038/ja.2012.127
INTRODUCTION
Triacylglycerol (TG) is an energy-storage molecule and thus a common form of fat found in both food and the body. TG synthesis is important in many metabolic processes in mammals, including lactation, energy storage in fat and muscle, fat absorption in the intestine and the assembly of lipoprotein particles in the liver and small intestine; however, excess accumulation of TG in certain organs and tissue causes fatty liver, obesity and hypertriglyceridemia. [1] [2] [3] [4] In the course of screening microbial metabolites for inhibitors of TG synthesis using intact Chinese hamster ovary-K1 (CHO-K1) cells, 5 we discovered new dihydronaphthopyranone-containing compounds named dinapinones A1 (DPA1; 1) and A2 (DPA2; 2) and monapinones A (11) to E (15) (Figure 1 ) in the culture broth of Talaromyces pinophilus (originally named Penicillium pinophilum) FKI-3864. [5] [6] [7] We reported that 1 and 2, homodimers of 11 were atropisomers. Furthermore, the absolute stereochemistries of 1 and 2 were elucidated by in vitro enzymatic conversion of structure-defined 11 to 1 and 2. 7 Continuous isolation study from the culture broth of T. pinophilus FKI-3864 enabled us to obtain eight new dinapinones that were heterodimers of monapinones ( Figure 1 ). In this study, the fermentation, isolation, structure elucidation and inhibitory effects on TG synthesis in CHO-K1 cells of dinapinones are described.
RESULTS

Isolation of dinapinones
Isolation procedure of dinapinones from the culture broth obtained by the fermentation of T. pinophilus FKI-3864 is shown in Figure 2 . LC/UV analysis-guided isolation of dinapinones was carried out. The 14-day-old culture broth (10 l) was extracted with acetone (10 l). After concentrating the mixture to remove acetone, the aqueous solution was adjusted to pH 3 with 0.5 M HCl and extracted with EtOAc (10 l). The organic layer was dried over Na 2 SO 4 and concentrated in vacuo to dryness to yield a brown material (4.8 g). The material was dissolved in a small amount of MeOH and applied to an ODS column (intradermal (i.d.) 40 Â 270 mm; Senshu Scientific, Tokyo, Japan) and stepwise eluted with 60, 70, 80 and 90% MeOH-0.05% H 3 PO 4 solvents (900 ml each).
The fractions of 90% MeOH-0.05% H 3 PO 4 were concentrated in vacuo and extracted with EtOAc to give a brown material (319.3 mg). This material was dissolved in MeOH and purified by preparative HPLC (column, CAPCELL PAK C 18 UG 120 (i.d. 20 Â 250 mm; Shiseido, Tokyo, Japan); mobile phase, 80% CH 3 CN-0.05% H 3 PO 4 ; flow rate, 8 ml min À1 ; detection, UV at 210 nm). Under these conditions, dinapinones A (DPA) and AB (DPAB) were eluted as peaks with retention times of 14 and 17 min, respectively. The fractions were concentrated in vacuo to dryness to give DPA (212.8 mg) and DPAB (6.2 mg), both of which were a mixture of stereoisomers. As well as DPA, 5 the stereoisomers of DPAB were separated by HPLC using a reverse-phase C30 column under the following conditions: column, Develosil C30 (i.d. 20 Â 250 mm; Nomura Chemical, Aichi, Japan); mobile phase, 90% CH 3 CN-0.05% H 3 PO 4 ; flow rate, 8 ml min À1 ; detection, UV at 210 nm. Dinapinones AB1 (3) and AB2 (4) were eluted as peaks with retention times of 20 and 24 min, respectively. These fractions were pooled and concentrated to remove CH 3 CN. The aqueous solutions were extracted with EtOAc, and the organic layers were concentrated to dryness to give 3 (1.6 mg) and 4 (2.5 mg) as yellow amorphous solids.
The fractions of 80% MeOH-0.05% H 3 PO 4 were concentrated in vacuo and extracted with EtOAc to give a brown material (217.8 mg). This material was dissolved in MeOH and purified by preparative HPLC (column, CAPCELL PAK C 18 UG 120 (i.d. 20 Â 250 mm); mobile phase, 50% CH 3 CN-0.05% H 3 PO 4 ; flow rate, 8 ml min À1 ; detection, UV at 210 nm). Under these conditions, dinapinones AC (DPAC), AD (DPAD) and AE (DPAE) were eluted as peaks with retention times of 26, 36 and 41 min, respectively. The fractions were concentrated in vacuo to dryness to give DPAC (30.0 mg), DPAD (90.3 mg) and DPAE (7.4 mg). Similarly, to separate stereoisomers dinapinones AC1 (5) and AC2 (6), DPAC was subjected to HPLC under the following conditions: column, Develosil C30 (i.d. 20 Â 250 mm); mobile phase, 50% CH 3 CN-0.05% H 3 PO 4 ; flow rate, 8 ml min À1 ; detection, UV at 210 nm. Stereoisomers 5 and 6 were eluted as peaks with retention times of 55 and 60 min, respectively. By the same treatment, pure 5 (8.6 mg) and 6 (9.1 mg) were obtained as yellow amorphous solids. DPAD was subjected to HPLC under the following conditions: column, Develosil C30 (i.d. 20 Â 250 mm); (9) and AE2 (10) were eluted as peaks with retention times of 77 and 73 min, respectively. By the same treatment, pure 9 (1.1 mg) and 10 (2.8 mg) were obtained as yellow amorphous solids.
Physicochemical properties of dinapinones
The physicochemical properties of dinapinones (3-10) are summarized in Table 1 . The compounds had similar UV spectra with absorption maxima at 221-226, 268-269 and 382-387 nm. The IR absorption at 1637-1638, 2923-2931 and 3394-3400 cm À1 suggested the presence of a carbonyl group, alkyl chain and hydroxyl group in their structures. These data were similar to those of 1 and 2, 7 indicating that they share the same skeleton. (Table 3) . As shown by the bold lines in Figure 3 , the partial structure I of 3 was elucidated by 1 H-1 H COSY and TOCSY spectra. 1 H-13 C longrange couplings of 2 J and 3 J in the HMBC are also shown in Figure 3a , leading to the following results: The cross peaks from the sp 3 oxymethine proton H-3 (d 4.89) to the ester carbonyl carbon C-1 (d 171.28) and the sp 2 quaternary carbon C-4a (d 132.69), from the sp 3 methylene proton H 2 -4 (d 3.08, 3.14) to C-4a, the sp 2 methine carbon C-5 (d 116.23) and the sp 2 quaternary carbon C-10a (d 99.3), from the sp 2 methine proton H-5 (d 6.97) to the sp 3 methylene carbon C-4 (d 32.99), C-4a, C-5a (d 140.09), the sp 2 quaternary carbon C-9a (d 108.4) and C-10a and from OH-10 (d 13.71) to C-9a, the sp 2 oxygenated quaternary carbon C-10 (d 162.85) and C-10a indicated the presence of a 10-oxy-3,5a,9a-trisubstituted isochroman-1-one moiety containing the partial structure I. The cross peaks from the sp 2 methine proton H-6 (d 6.71) to the sp 2 oxygenated quaternary carbon C-7 (d 161.5), the sp 2 quaternary carbon C-8 (d 108.2) and C-9a, from OH-9 (d 9.68) to C-8 and the sp 2 oxygenated quaternary carbon C-9 (d 155.4) and from the sp 3 oxygenated methyl proton H 3 -11 (d 3.85) to C-7 indicated the presence of a 7-methoxy-9-oxy5a,8,9a-trisubstituted phenol moiety. This moiety was connected to the 10-oxy-3,5a,9a-trisibstituted isochroman-1-one moiety by the cross peaks from H-5 to C-6 (d 98.1) and from H-6 to C-5 and the 4 J cross peaks from H-5 to C-9, from H-6 to C-10 and from OH-9 to C-7 in HMBC experiments, indicating the presence of the partial structure II (Figure 3) , which shares the same planar structure of monapinone A (11) (named monapinone A 0 ; 11 0 ). Similarly, as shown by the bold lines in Figure 3 , the partial structure I 0 was elucidated by 1 H-1 H COSY and TOCSY spectra. 1 H-13 C long-range couplings of 2 J and 3 J in the HMBC are also shown in Figure 3a, 0 -linkage between the partial structures II and II 0 . This planar structure of 3 fulfilled the molecular formula and the degree of unsaturation. Thus, 3 was a heterodimer of 11 0 and 12 0 via an 8, 8 0 -linkage. The 1 H and 13 C NMR spectra (Tables 2 and 3 ) and 2D NMR ( 1 H-1 H COSY, HSQC and HMBC) data of 4 resembled those of 3. Accordingly, the planar structure of 4 was also elucidated to be the same as 3.
Dinapinones AC1 (5) and AC2 (6) 0 -linkage. (Figure 1 ), which satisfied the degrees of unsaturation and the molecular formula.
The 1 H and 13 C NMR spectra (Tables 2 and 3 ) and 2D NMR ( 1 H-1 H COSY, HSQC and HMBC) data of 6 resembled those of 5. Accordingly, the planar structure of 6 was also elucidated to be the same as 5.
Dinapinones AD1 (7) and AD2 (8) New dinapinone derivatives produced by T. pinophilus FKI-3864 M Kawaguchi et al
No. (Figure 1) , which satisfied the degrees of unsaturation and the molecular formula.
The 1 H and 13 C NMR spectra (Tables 2 and 3 ) and 2D NMR ( 1 H-1 H COSY, HSQC and HMBC) data of 8 resembled those of 7. Accordingly, the planar structure of 8 was also elucidated to be the same as 7.
Dinapinones AE1 (9) and AE2 (10): the molecular formula of 9 is C 46 H 58 O 15 on the basis of HRESI-TOF-MS (m/z 873.3668 (M þ Na) þ , D À0.5 mmu), indicating that 9 contains one more oxygen atom than 1. Comparison of the 1 H and 13 C NMR spectra (Table 2) 
No. 3.56) in 9, supporting the presence of monapinone E (15) substructure. Accordingly, 9 was a heterodimer of 11 0 and 15 via an 8,8 0 -linkage (Figure 1) , which satisfied the degrees of unsaturation and the molecular formula.
The 1 H and 13 C NMR spectra (Tables 2 and 3 ) and 2D NMR ( 1 H-1 H COSY, HSQC and HMBC) data of 10 resembled those of 9. Accordingly, the planar structure of 10 was also elucidated to be the same as 9.
Relative stereochemistries of dinapinones From the planar structure elucidation, all dinapinones (3-10) were heterodimers of one 11 0 and one different monapinone (12 0 , 13-15). New dinapinone derivatives produced by T. pinophilus FKI-3864 M Kawaguchi et al were in trans diaxial orientation at C-3. As for a dihydroxyalkyl chain at C-13 and C-15 of the 11 0 substructure in 5, NOEs were observed between H-3 (d 4.88) and H-13 (d 4.08) and between H-13 and H-15 (d 3.79) ( Figure 5) . Additionally, the coupling constants (Table 2 ) and the dihedral angles (Figure 4 ) from C-12 to C-15 were similar to those of 11 0 , 7 indicating that the 11 0 substructure in 5 had the same configuration of 11. Thus, the relative stereochemistry of the 11 0 substructure in 5 was elucidated to be 3S*13R*15R*. The relative stereochemistry of the 13 substructure in 5 was elucidated similarly. The large value of J 3 0 -4 0 axial (10.0 Hz) indicated that the two protons were also in trans diaxial orientation at C-3. As for a tetrahydroxyalkyl chain at C-13 0 , C-15 0 , C-17 0 and C- Figure 5 ). Additionally, the 1 H NMR coupling constants (Table 2 ) and the dihedral angles (Figure 4 ) from C-12 0 to C-19 0 supported that the four hydroxy groups were all in syn configuration. Thus, the relative stereochemistry of the 13 substructure in 5 was elucidated to be 3 0 S*13 0 R*15 0 R*17 0 R*19 0 R*. Taking all these findings together, the relative stereochemistry of 5 was elucidated as shown in Figure 1 .
The 1 H NMR coupling constants and ROESY experimental data of 6 resembled those of 5 (Table 2) . Accordingly, the relative stereochemistry of 6 was elucidated to be 3S*13R*15R*3 0 S*13 0 R*15 0 R* 17 0 R*19 0 R*. Thus, heterodimers 5 and 6, consisting of 11 and 13, have the same relative stereochemistries, suggesting that they are atropisomers.
The relative stereochemistries of the three pairs of stereoisomers 3 and 4, 7 and 8, and 9 and 10 were also defined to be 3S*13R*15R* 3 0 S*13 0 R*, 3S*13R*15R*3 0 S*13 0 R*15 0 R*17 0 R* and 3S*13R*15R*3 0 S* 13 0 R*15 0 R*, respectively, from the same analysis of the coupling constants in 1 H NMR and ROESY experiments. Each pair (3 and 4, 5 and 6, 7 and 8, and 9 and 10) was deduced to be atropisomers from the similar relation of 1 and 2 as reported previously. 7 Absolute axis configurations of dinapinones To elucidate the absolute axis configuration, the CD data of 3-10 were compared with those of (M)-1 and (P)-2. 7 Compounds 3, 5, 7 and 9 exhibited the first negative cotton effect at 284-287 nm and the second positive cotton effect at 247-250 nm in the CD spectrum (Table 1) . On the other hand, 4, 6, 8 and 10 exhibited the first positive cotton effect at 275-285 nm and the second negative cotton effect at 245-257 nm in the CD spectrum (Table 1) . These spectra were almost identical to those of 1 and 2, respectively. Accordingly, the absolute axis configurations of 3, 5, 7 and 9 were elucidated to be M and those of 4, 6, 8 and 10 were P.
Inhibition of TG and CE synthesis by dinapinones
The effect of dinapinones (3-10) was evaluated on the synthesis of Table 4 . Among the dinapinones, 2 showed the most potent inhibition of TG synthesis with an IC 50 value of 0.87 mM, which was comparable with the value (0.65 mM) previously reported. 7 Compound 4 exhibited the second most potent inhibition (IC 50 , 1.17mM), followed by 8, 9 and 10 (IC 50 , 8.9B9.3 mM). The other dinapinones (1, 3, 5, 6 and 7) showed very weak or no activity at 12 mM. Active dinapinones (2, 4, 8, 9 and 10) were found to inhibit cholesterol ester (CE) synthesis, but to have selectivity toward the inhibition of TG synthesis (selectivity index, 1.3-8.7).
DISCUSSION
In this study, eight new dinapinones (3-10) were purified by LC/UV analysis-guided isolation from the culture broth of T. pinophilus. From the structure elucidation, 3-10 were found to be heterodimers consisting of monapinone A (11), and the other monapinones (12-15) and pairs of 3 and 4, 5 and 6, 7 and 8, and 9 and 10 were atropisomers. The relative stereochemistries of monapinone substructures in dinapinones were elucidated by precise analyses of the dihedral angles, J values and ROESY experiments (Figures 4 and 5) . In the previous study, the stereochemistries of 13-15 were not elucidated, but we confirmed that they are the same as the corresponding substructures in dinapinones (data not shown). These findings indicated that dinapinones are biosynthesized from monapinones.
Considering the axis configuration, there are 2 atropisomers for this series of homodimers. In fact, atropisomers 1 and 2 were obtained as homodimers of monapinone A (11). [5] [6] [7] In the case of a heterodimer, two monomers can link in two different fashions, that is, monomer A-monomer B or monomer B-monomer A, and each heterodimer should have two atropisomers. Thus, there are theoretically four different structures to a heterodimer. Among them, however, a pair of atropisomers was obtained for each dinapinones in this study. This might be due to the characteristics of the New dinapinone derivatives produced by T. pinophilus FKI-3864 M Kawaguchi et al hypothetical dimerization enzyme in this fungal strain. It therefore appeared difficult to elucidate the complete stereochemistry of the two atropisomers, but this could be achieved by X-ray crystallographic analysis.
Regarding the biological activity of dinapinones, 2 and 4 showed potent TG inhibition in CHO-K1 cells and moderate CE inhibition, resulting in low selectivity indexes (3.4 and 8.7, respectively) ( Table 4 ). Other dinapinones are not such potent inhibitors of TG synthesis. In the previous study, we reported that the 1:1 mixture of 1 and 2 increased inhibitory activity against TG synthesis and selectivity toward TG synthesis. 5 Evaluation of the 1:1 mixture of each atropisomers in this TG synthesis assay using CHO-K1 cells is ongoing, and the results will be described elsewhere.
METHODS
General experimental procedure
